Sound pressure waves surround individuals in everyday life and are perceived by animals and humans primarily through sound or vibration. When sound pressure waves traverse through a solid medium, vibration will result. Vibration has long been considered an unwanted variable in animal research and may confound scientific endeavors using animals. Understanding the characteristics of vibration is required to determine whether effects in animals are likely to be therapeutic or result in adverse biological effects. The eighth edition of the "Guide for the Care and Use of Laboratory Animals" highlights the importance of considering vibration and its effects on animals in the research setting, but knowledge of the level of vibration for eliciting these effects was unknown. The literature provides information regarding therapeutic use of vibration in humans, but the range of conditions to be of therapeutic benefit is varied and without clarity. Understanding the characteristics of vibration (eg, frequency and magnitude) necessary to cause various effects will ultimately assist in the evaluation of this environmental factor and its role on a number of potential therapeutic regimens for use in humans. This paper will review the principles of vibration, sources within a research setting, comparative physiological effects in various species, and the relative potential use of vibration in the mouse as a translational research model.
therapeutics in humans during clinical development remain low due to the lack of relative levels of efficacy in preclinical testing, including animal models and in humans during clinical trials. 2, 3 Careful attention to the assessment of a proposed animal model is critical to ensure species differences are identified and considered in the process. Similarly, reproducibility and transparency of published research using animals is imperative to ensure characterization of a model that will be predictive of human biology and disease. 4, 5 Thus, it is critical to define the criteria being assessed within the animal model to ensure translational success in humans.
This paper reviews the current understanding of vibration in the research setting. The most recent revision of the "Guide for the Care and Use of Laboratory Animals" highlights the importance of considering vibration and its effects on animals in research. 6 Vibration likely elicits stress-mediated effects, as reported in the literature, but scant information is available on the level of vibration (threshold) that will cause effects or on the nature of the effects in animals.
Understanding the threshold effects of vibration ultimately will assist in the evaluation of this environmental factor and its potential role in a number of therapeutic regimens in humans. This paper summarizes the basic principles of vibration, sources within a research setting, comparative physiological effects in various species and the potential use of vibration in the mouse, relative to other species, as a translational research model.
| PRINCIPLES OF VIBRATION
Sound and vibration are forms of energy that travel in waves with sound being perceived by what we hear and vibration by what we feel. In fact, sound is comprised of pressure waves caused by movement of air particles that can be detected by either a human or animal. These waves are oscillatory in nature and have both an amplitude and frequency. The amplitude contributes to the intensity of the sound or vibration and is represented by how far the peak of the wave moves past the position of equilibrium. Frequency is the amount of time that it takes to complete one cycle from a point on one wave to the same point on the next wave. The term "Hertz" is used as a unit of measure for frequency and is the number of cycles per second. One Hertz (Hz) is one cycle per second. 7 The magnitude or loudness of sound is measured in decibels, whereas the magnitude of vibration can be measured in relation to the amplitude by displacement from the point of equilibrium (often measured in millimeters), the velocity of wave movement (quantified in meters per second) or acceleration past the neutral point measured in meters per second squared (m/s 2 ). 8, 9 Both the magnitude and frequency of sound and vibration are important in the perception and potential adverse or therapeutic effects in humans and animals. For example, the human hearing range is from 20 Hz to 20 kHz and the mouse hearing range is from about 1 kHz to 100 kHz. 10 Likewise, an object will vibrate differentially based on its physical composition and will also tend to vibrate at some frequencies more than others. The frequency where vibration occurs most readily and can amplify the vibration is called the resonance frequency. The resonance frequency is located within the resonance frequency range (RFR), where the vibration would become greater at frequencies closer to the resonance frequency and somewhat less at the ends of the range. These frequency ranges are unique to an animal, a body region, or any other object and are dependent on that subject's physical composition with regard to "stiffness" and mass. Any object or part of an animal's body has a resonance frequency (Fn), which is calculated by the formula Fn = 1/(2π) × √(k/m), where k is the stiffness constant, and m is the mass. 11, 12 Knowledge of resonance frequencies is important because vibration near these frequencies, compared with other frequencies, will be perceived more strongly and ultimately will induce more physiological effects, including those considered harmful. 13 Therefore, different species or size of animals may perceive vibration to a lesser or greater degree depending on the frequency of the vibration. In addition to the frequency of vibration, other factors that will determine the effects on animals include magnitude, duration, whether the vibration is directed at the whole body or is localized, and potentially individual variation in perception across species or within the same species.
Because both frequency and magnitude impact the exposure level of vibration, the interpretation of the literature with regard to both beneficial and adverse effects of vibration can be difficult. Until recently, only the resonance frequency of the liver had been determined in mice, which is 2-7 Hz. 14 The predicted resonance frequency for the mouse was calculated 11(p655) and then studied by performing measurements in both rats and mice. 15 Importantly, the resonance frequency for a single organ is quite different than the vibrating frequency of the entire body in cumulative. Similarly, different body regions of a human or animal will have different RFRs. For example, the human abdomen has a resonance frequency of 4-8 Hz, the thorax of 5-10 Hz, and the head from 20 to 30 Hz. 16 In rats, the RFR was 27-29 Hz for the abdomen, 225-230 Hz for the thorax, and 75-80 Hz for the head. 17 Although resonance frequencies had not been reported for mouse anatomical regions, the predicted RFRs for mice were 85-92 Hz for the abdomen, 711-727 Hz for the thorax, and 237 to 253 Hz for the head when assuming equivalent inherent stiffness of tissue is similar in mice and humans. 11(p655) Anesthetized mice that were exposed to vibration generally attenuated vibration that would have been detected by a mounted accelerometer on their back, except for vibration in the ranges of 30-100 Hz. Instead, the magnitude of the vibration in these ranges was either equal to or greater than the applied vibration, indicating that the RFR for these animals lie within these ranges. 15(p1963) Mice that were exposed to vibration at 80 and 90 Hz showed increases in blood pressure and/or heart rate, whereas no increases were observed with frequencies 70 Hz or less or with 100 Hz or greater. 18 A recent study has demonstrated that mice show more behavioral alterations due to whole-body vibration (WBV) predominantly between the frequencies of 70-100 Hz. 19 Therefore, mice appear to be the most sensitive to vibration between frequencies of [21] [22] [23] [24] [25] [26] [27] [28] Recently, studies have begun to separate the effects of construction noise vs vibration. In one study, dams of two strains of mice were exposed to vibration levels comparable to that produced in an animal facility from proximal construction. 23(p3) While no changes in overall fertility were noted, nursing dams did show some alterations in normal maternal behavior. The study raised several important points to consider with regard to construction-induced vibration. Specifically, vibration from outside sources (ie, construction, trains) is often produced in sudden, intermittent bursts in contrast to vibration produced over long continuous time periods. Intermittent vibration is thought to produce more adverse effects than continuous vibration due to its unpredictability. 23(p3) While no changes in fertility were detected in this study, other research has demonstrated increased rates of abortion, cannibalism, and resorptions following construction procedures in proximity to animal facilities. 29 High rates of cannibalism were also observed in a mouse housing room located near an active railroad. 22(p737) Measurements were taken to adequately characterize the frequency and magnitude of both the sound and vibration produced by the passing train. While most sound that was produced was outside the range of mouse hearing, significant vibration of up to 0.25 m/s 2 was generated. In addition, the exposed female mice exhibited higher corticosterone levels relative to female mice that were not vibrated. buildings, which is common in many research environments, can subject animals to considerable vibration. 31(p544) 
| ADVE RSE VIBRATION EFFECTS AND POTEN TIAL BENEFITS IN ANIMALS AND HUMANS
In humans excessive vibration can cause effects on bone, joints, nerves, muscles, and blood vessels that can be profound and debilitating. 34, 35 Because of these effects, regulations and standards have been employed to limit vibration exposure in humans. 36, 37 Similarly, animal studies have shown that vibration can have a myriad of adverse effects in many different species, including altering the normal physiology and even cell structure. Information regarding the adverse effects of vibration in animals and humans is summarized in Table 1 .
Stress as a result of vibration, not unexpectedly, causes increases in heart rate in mice and humans. Conscious mice exposed to vibration can exhibit increases in heart rate (HR) and mean arterial blood pressure (MAP). When mice were anesthetized and unconscious, neither HR nor MAP were elevated under the same vibratory conditions, suggesting that consciousness is a requisite for these cardiovascular effects in mice. 18(p374,375) To assess the effect of noise and vibration on heart rate in humans, study participants were exposed to experimentally induced vibration, equivalent to that produced from a train, during sleep. In 79% of participants subjected to the high-vibration condition, an average increase of at least 3 beats per minute per train was observed and cardiac responses were generally higher in the high-vibration condition than in the low vibration condition. 38 The increased HR in humans was characterized by an initial and then a delayed response, indicating that a startle response was In larger species, vibration associated with transportation is considered one of the factors involved in transportation stress. 41 Exposure of swine to WBV, to mimic transportation stress, caused behavioral avoidance of the vibration produced. 42 Transportationinduced vibration in poultry causes stressed-induced behaviors and the stress-related effects of increased heart rate and blood circulation. 43 Vibration levels during transport can become high, which may contribute to observed behavioral alterations. The vibration levels produced from routine animal facility transport methods such as carts and hand carrying have been measured. 31(p544) Some studies have shown potential benefits of vibration on bone, muscle, fat accumulation, metabolism, and in wound healing ( Table 2 ). The studies demonstrating the positive effects of vibration point to exciting potential for vibration to be used in the therapy for conditions that affect humans as well as areas for future translational studies using animal models. Because of the potential positive effects, vibration has been used to treat musculoskeletal diseases as well as to increase athletic performance in humans. Work still needs to be done, however, to determine the accelerations and frequencies that are most beneficial. 44, 45 As discussed below, because the frequency, magnitude, and duration of exposure can determine if vibration will have negative, positive or no effects, animal models will be important in developing these therapeutic uses. should be given to the frequency used as well as the magnitude.
| CH ALLEN GE S IN AN IMAL STUDY DESIGN
There are also species considerations in animal study design. For example, techniques to study the effects of vibration at the molecular level are more available in mice than non-rodent species. Rats, however, may be a more appropriate rodent model for some studies, such as the study of vibration effects on the tail blood vessels and nerves, since they are larger in size. Rats share the same advantage as mice in that larger numbers can generally be used due to lower cost, reduced space requirements, rapid generation time, and increased availability.
| USE OF VIBRATION IN ANIMAL MOD ELS
The effects of vibration in animals is varied and can be either destructive or beneficial, likely depending on magnitude, duration, wholebody or localized, and presumably the sensitivity to the vibration for the species. The use of the mouse as a model to study human conditions has the advantage that transgenic, knock-out and knock-in strains are available to delineate the function of various genes in contributing to the harmful or beneficial effects of vibration in humans.
Vibration-induced effects in people include hand-arm vibration syndrome (Raynaud's phenomenon) consisting of vasospasm in hands and fingers, 53 lower back pain, 54 motion sickness, bone damage, varicose veins/heart conditions, stomach and digestive conditions, respiratory effects, endocrine and metabolic changes, impairment of vision/balance, and reproductive organ damage. 55 In mice, vibrationinduced effects have been demonstrated in bone, muscle, hormones, metabolism, and reproduction as well as altering cardiovascular parameters, causing weight loss and increasing stress. 44, 56 The mouse, therefore, is a valuable model to study many of the adverse conditions caused by vibration in humans.
In both humans and animals, diminishment of skeletal strength and muscle atrophy can lead to decreased mobility and function. Rat Improved fracture callus density, enlarged callus area and width, accelerated osteotomy bridging, upregulated osteocalcin expression and suppressed osteoclast activity after ovarectomy 79 Rat Improved stiffness and increased endosteal and trabecular bone densities during fracture repair after pharmacological induction of osteoporosis and ovariectomy 80 Rat Attenuated the loss of bone mass and trabecular bone microstructure after spinal cord injury 81 Rat Promoted migration of mesenchymal stem cells and fracture healing, upregulation of several osteogenic proteins, up-regulation of the expression of chondrogenesis-, osteogenesis-, and remodeling-related genes [82] [83] [84] Sheep Increased femoral trabecular bone formation 47, 85 Muscle Humans Prevented a shift in myofiber type during extended bed rest 86 Humans Increased isometric muscle strength, explosive muscle strength, and muscle mass in men older than 60 y of age 87 Human Caused muscle relaxation in the neck and back 88 Other effects
T A B L E 2 Potentially beneficial effects of vibration in various species
Mouse (diabetic) Attenuated hyperglycemia and insulin resistance, reduced body weight, normalized muscle fiber diameter, mitigated adipocyte hypertrophy in visceral adipose tissue, and reduced hepatic lipid content 89 Mouse (diabetic) Decreased skin wound healing time, increased wound -associated angiogenesis and granulation tissue formation, accelerated wound closure and re-epithelialization, and increased expression of insulin-like growth factor-1, vascular endothelial growth factor and monocyte chemotactic protein-1 in the wounds 48 
Humans
Increased the oxygen carrying capacity of the blood during exercise However, the musculoskeletal system responds to dynamic load in an anabolic manner and vibration therapy may serve to augment pharmacological therapy to strengthen bone and muscle. 56 The musculoskeletal system is able to tolerate a high level of vibration without damage due to its inherent elasticity and plasticity of the system, including the natural shock absorbers of the articulating joints. As previously noted, vibration has shown positive effects on both muscle and bone in mice, and therefore, the mouse model would be useful in the study of muscle and bone health.
Osteoporosis or bone fracture repair is another area where vibration may be beneficial and rodents may serve as a translational model. However, in humans, both osteoblastic and chondroblastic osseous repair occurs, while endochondral bone formation predominates in rodents. Fracture repair of the long bones in animal models has been well described, but vibration was not assessed as an adjunct to traditional intervention. 44 Considerable variation in bone morphology and healing processes exist among animal species; thus, characterization of each model is critical to appropriately correlate experimental outcomes to a skeletal condition in human. The bones in larger species (eg, canine, caprine, ovine swine, and nonhuman primates) do not undergo the continuous growth or modeling observed in rodents, while fracture fixation methods and biomechanics of fractures in these larger species mimic those used in humans. 56 Thus, preclinical research is commonly performed in these larger species instead of rodents. Despite this difference in bone healing, 53% of animals used in fracture studies over a 10-year period were either rats or mice and the large percentage of rodents used correlates to their applicability to molecular biology techniques, the ability to use a larger number of animals, and faster healing rates. 56 Experimentally induced vibration has been used commonly in various behavioral, physiological, and psychological research models for decades as a source of stress. [57] [58] [59] In these studies, stress is defined as a physical, chemical, or emotional factor that causes physical or mental tension. 58 Often stress is a chronic condition and animal studies utilizing vibration are an important part of modeling the pathological effects of stress. Depending on the model, use of vibration or shaker stress often may prove advantageous over other models of induced stress such as physical restraint, foot shocks, or forced-swim testing in rodents. Use of shaker stress in animal studies provides a mild form of stress that has been used reliably to induce a form of stress that results in changes in blood pressure, heart rate, and stress hormones. Since shaker stress can be delivered remotely to an animal's home cage, it reduces the potential for artificial enhancement of the stress response from factors such as handling, restraint, noise, or pain.
Some of the most common models that utilize shaker stress are those used to study conditions such as depression and post-traumatic stress disorder (PTSD). 58,59(p320) PTSD affects nearly 10% of Americans, but finding appropriate animal models is difficult due to the co-morbidities PTSD shares with other conditions such as anxiety and depressive disorders. 59 It is important for animal models to exhibit similar underlying characteristics or components of the corresponding disorder being studied. This allows for adequate study of the various factors that may contribute to disease processes, such as genetic or environmental factors. It also ensures that more reliable predictions are made about treatment effects. A study of rats exposed to intermittent shaker stress as part of a chronic stress schedule assessed the effects of the chronic unpredictable stress on anxiety-like behavior and cognitive deficits. 59(p320) In conditions such as depression, human patients can also display cognitive changes. 60, 61 Rats exposed to chronic unpredictable stress displayed cognitive deficits and increased anxiety similar to effects seen in the human condition. Rats also showed improvement in cognitive deficits when common treatments were tested, such as selective serotonin reuptake inhibitors and other drugs, indicating the appropriateness of the model. 59(p320) Because shaker stress has also been shown to cause stress in mice and induce behavioral changes, 19 vibration in mice may also provide an appropriate stressor for the study of anxiety and depression.
The availability and current use of many genetically altered strains of mice offer a wide array of potential mouse models of human disease. For example, shaker stress has been used to study how early development factors affect the stress response in later life. In one study, progeny from NOS-3 knock-out mice were exposed to shaker stress to determine how the intrauterine environment affects the cardiovascular response to stress. NOS-3 is an enzyme responsible for the generation of nitric oxide in endothelial cells. Nitric oxide is a smooth muscle relaxant that plays a vital role in maintaining uteroplacental perfusion via vasodilation. NOS-3 deficient knock-out mice are susceptible to hypertension and reduced fetal growth during gestation. In the study, mature mice born to NOS-3 knock-out dams had greater changes in blood pressure in response to intermittent two-minute shaker sessions that were repeated over 24 hours relative to wild type mice. 62 Other studies have used shaker stress to study the interplay between circadian patterns and cardiovascular responses to stress. 63(p768) All of these animal models are valuable tools in advancing the knowledge of the numerous factors that determine how stress affects various disease processes in humans.
Mice may also serve as a good model to study the potential of vibration as a therapy for wound treatment. Because local vibration has been shown increase blood flow in the skin of humans, it has been proposed as a treatment for pressure ulcers or other skin wounds. 64 Pressure wounds and other skin injuries may be more prevalent or of concern in diabetics. Because wound healing time in diabetic mice decreases when vibration exposure occurs, 48 the mouse model needs to be explored further with regard to wound healing.
There is evidence that vibration therapy may be beneficial in many age-related conditions. 
